Gladstone IM. Normal pulmonary gas exchange efficiency and absence of exercise-induced arterial hypoxemia in adults with bronchopulmonary dysplasia. J Appl Physiol 115: 1050 -1056 , 2013 . First published July 18, 2013 doi:10.1152/japplphysiol.00592.2013.-Cardiopulmonary function is reduced in adults born very preterm, but it is unknown if this results in reduced pulmonary gas exchange efficiency during exercise and, consequently, leads to reduced aerobic capacity in subjects with and without bronchopulmonary dysplasia (BPD). We hypothesized that an excessively large alveolar to arterial oxygen difference (AaDO2) and resulting exercise-induced arterial hypoxemia (EIAH) would contribute to reduced aerobic fitness in adults born very preterm with and without BPD. Measurements of pulmonary function, lung volumes and diffusion capacity for carbon monoxide (DLco) were made at rest. Measurements of maximal oxygen consumption, peak workload, temperature-and tonometry-corrected arterial blood gases, and direct measure of hemoglobin saturation with oxygen (SaO2) were made preexercise and during cycle ergometer exercise in ex-preterm subjects Յ32-wk gestational age, with BPD (n ϭ 12), without BPD (PRE; n ϭ 12), and full term controls (CONT; n ϭ 12) breathing room air. Both BPD and PRE had reduced pulmonary function and reduced DLco compared with CONT. The AaDO2 was not significantly different between groups, and there was no evidence of EIAH (SaO2 Ͻ 95% and/or AaDO2 Ն 40 Torr) in any subject group preexercise or at any workload. Arterial O2 content was not significantly different between the groups preexercise or during exercise. However, peak power output was decreased in BPD and PRE subjects compared with CONT. We conclude that EIAH in adult subjects born very preterm with and without BPD does not likely contribute to the reduction in aerobic exercise capacity observed in these subjects. exercise capacity; extreme prematurity; ex-preterms; lung function; pulmonary gas exchange efficiency VERY PRETERM BIRTH is known to be associated with reduced lung function and aerobic capacity among other undesirable sequelae (6, 7, 37). Bronchopulmonary dysplasia (BPD) is a chronic lung disease of infancy caused by postnatal oxygen therapy for greater than 28 days (24), which is a treatment that further complicates the pathophysiology associated with very preterm birth. Surprisingly, the incidence of BPD in very preterm infants is increasing in North America despite improved neonatal care (43). In the study by Shah et al., the authors found an increased incidence of BPD from 34.7% of the infants investigated from 1996 to 1997 (n ϭ 1897) to 46.1% of the infants investigated from 2006 to 2007 (n ϭ 1866). Thus there is a clear need to identify and better understand the long-term cardiopulmonary consequences in adults with a history of preterm birth, with and without BPD.
VERY PRETERM BIRTH is known to be associated with reduced lung function and aerobic capacity among other undesirable sequelae (6, 7, 37) . Bronchopulmonary dysplasia (BPD) is a chronic lung disease of infancy caused by postnatal oxygen therapy for greater than 28 days (24) , which is a treatment that further complicates the pathophysiology associated with very preterm birth. Surprisingly, the incidence of BPD in very preterm infants is increasing in North America despite improved neonatal care (43) . In the study by Shah et al., the authors found an increased incidence of BPD from 34.7% of the infants investigated from 1996 to 1997 (n ϭ 1897) to 46 .1% of the infants investigated from 2006 to 2007 (n ϭ 1866). Thus there is a clear need to identify and better understand the long-term cardiopulmonary consequences in adults with a history of preterm birth, with and without BPD.
To date, adults born very preterm with and without a history of BPD are reported to have obstructive lung disease (37) , computed-tomographic evidence of emphysema (4, 33, 52) , decreased resting gas transfer and diffusion capacity for carbon monoxide (DL CO ) (36, 38) , and reductions in aerobic fitness (6, 23, 42, 48, 51) . However, several unanswered questions remain. First, the cardiopulmonary characteristics of those born very preterm (Ͻ32 wk) with BPD are not well characterized in adults at rest and during exercise, particularly with respect to full-term controls and preterm controls without BPD. Second, the physiological significance of reported reductions in DLco/ gas transfer in individuals born very preterm have not been directly evaluated for an effect on direct measures of arterial blood gases and arterial oxygen saturation at rest or during exercise. Third, the reductions in exercise capacity reported are not explained by resting pulmonary function data (48) , which means something else must account for the reduced aerobic fitness, which is often, but not always (10, 38) , observed in this population.
It is known that abnormal alveologenesis and vasculogenesis is a consequence of BPD and may lead to abnormal alveolar ventilation to perfusion (V A /Q) matching (46) . It also known that diffusion capacity is reduced in this population (38) . As such, pulmonary gas exchange efficiency may be compromised in these subjects, especially during exercise. Based on the pulmonary function characteristics of persons born very preterm, one potential candidate for limiting exercise capacity could include exercise-induced arterial hypoxemia (EIAH) (11) , which would reduce oxygen delivery and lead to fatigue (1, 41) sooner compared with those individuals without EIAH. Pulmonary gas exchange efficiency (alveolar-to-arterial oxygen difference, AaDO 2 ) and EIAH have not been directly measured at rest or during exercise in adults born very preterm with and without BPD prior to our current investigation. Accordingly, the aims of the current study were to determine if reduced exercise capacity in adult subjects born very preterm, with and without BPD, is associated with reduced pulmonary gas exchange efficiency and EIAH. We hypothesized that subjects born very preterm would have a greater AaDO 2 and EIAH compared with subjects born full term.
METHODS
The study received approval from the University of Oregon Office for the Protection of Human Subjects, and each subject gave written, informed consent before participation. Ex-preterm subjects (Յ32-wk gestational age) with BPD [n ϭ 12 (2 women), BPD], without BPD [n ϭ 12 (4 women), PRE] and age and height matched ex-full term [n ϭ 12 (2 women) CONT; Ͼ37-wk gestational age] healthy subjects aged 18 to 31 yr volunteered for the study. All subjects were nonsmokers except one PRE subject who was a "recreational" smoker. Diagnoses of extreme preterm subjects with and without BPD were determined by a board certified neonatologist (I.M.G.) using medical records and the criteria outlined in the NICHD/NHLBI/ORD Workshop Summary (24) , which has been validated (13) . Using these criteria all BDP subjects were also classified as having "New BPD." All subjects participated in this study over the course of three separate visits.
Visit 1: Echocardiographic screening. Subjects underwent comprehensive echocardiographic screening (Sonos 5500, Philips) using transthoracic echocardiography to rule out any cardiac abnormalities involving the ventricular outflow tract, valvular function, ventricular function, the great vessels, and the pericardium. There were no signs of ischemia or heart disease in any subject. A 20-to 22-gauge intravenous catheter was placed in the opposite arm for injection of saline contrast microbubbles to detect patent foramen ovale (PFO) based on saline contrast bubbles appearing in the left heart in Ͻ3 heartbeats with or without a Valsalva maneuver (15) . Only CONT subjects with PFO were excluded because we have previously found that a PFO is associated with an increased AaDO 2 (31) .
Resting pulmonary function and lung diffusion capacity for carbon monoxide. Baseline pulmonary function was determined using computerized spirometry (Ultima PFX, Medgraphics) according to American Thoracic Society/European Respiratory Society (ATS/ERS) standards (35) . CONT subjects with forced expiratory volume in 1 s (FEV1) and forced vital capacity (FVC) less than 90% predicted were excluded. Lung volumes and capacities were determined using whole body plethysmography, and DLCO was determined (MedGraphics Elite Series Plethysmograph) according to ATS/ERS standards (32, 50) . Lung diffusion for carbon monoxide was determined using the single-breath, breath-hold technique and Jones and Meade timing according to ATS/ERS standards (32) . Predicted values used for pulmonary function were from National Health and Nutrition Examination Survey (NHANES) III (19) , for DLco we used Ayers et al. (5) , and for plethysmography we used Kanmer et al. (26) . In BPD and PRE only, reversibility of airflow obstruction was determined and defined as a Ͼ12% increase in FEV1 10 -15 min after the administration of two metered doses of albuterol sulfate (Proventil HFA, 90 g per actuation) with a spacer.
Visit 2: V O2 peak testing. Metabolic rate was determined at rest and during exercise in the forward leaning aerobar position (29) using a metabolic system (Medgraphics Ultima PFX). This body positioning has previously been used for exercise studies measuring AaDO2, and results in these studies (30, 31) do not appear to differ significantly from other studies measuring AaDO2 and using upright cycle ergometry. Subjects performed progressive cycle ergometer (Excalibur Sport, Lode) exercise until volitional exhaustion to determine maximal oxygen consumption (V O 2 peak). Subjects breathed through a low-resistance two-way nonrebreathing valve (2400, Hans Rudolph) for all exercise in visits 2 and 3.
Visit 3: Exercise protocol. A 20-gauge ϫ 1.75-in. radial artery catheter (Arrow International) was placed under local anesthesia [1% lidocaine, 2% by volume nitroglycerine (5 mg/ml) to minimize vasospasm] by a cardiologist. A core temperature pill (HQInc) was ingested for measurement of core body temperature. A 20-to 22-gauge intravenous catheter was placed in the opposite arm for injection of saline contrast microbubbles to detect blood flow through intrapulmonary arteriovenous anastomoses as before (14, 15, 27, 28) . Subjects exercised for 3 min each at 25, 50, 75, and 90% of the power output attained at V O2 peak, with a 10-min break between each of the four exercise bouts. Pulmonary gas exchange efficiency was quantified by the AaDO2 as before (30, 31) by using temperature-and tonometry-corrected arterial blood gases (Seimens 248). Barometric pressure was measured daily using a solid-state transducer barometer (7400 series Perception II, Davis Instruments). Oxygen saturation was measured with a CO-oximeter (Radiometer, OSM 3). Exercise-induced arterial hypoxemia (EIAH) was defined as SaO2 Ͻ 95% and/or AaDO2 Ն 40 Torr (11). Blood lactate concentration was analyzed using an electrochemical analyzer (YSI 1500 Sport).
Data analysis. Significance was set to P Ͻ 0.05. A one-way ANOVA with Tukey post hoc test was used to determine differences between CONT, PRE, and BPD groups for anthropometric, pulmonary function, diffusion capacity, and V O2 peak data. A two-way ANOVA post hoc test with a Bonferroni adjustment was used to determine differences between groups during exercise.
RESULTS
Birth and prematurity. Average gestational ages of the BPD and PRE groups were 28.6 Ϯ 2.3 and 27.5 Ϯ 1.9 wk, respectively ( Table 1) . Average birth weight of the PRE and BPD groups were 1.16 Ϯ 0.45 and 1.04 Ϯ 2.5 kg, respectively (Table 1) . Seven (three female) PRE subjects and two (one female) BPD subjects had a PFO.
Anthropometric, pulmonary function, diffusion capacity and V O 2 peak . There were no differences in age, weight, height, V O 2 peak or self-reported physical activity between the groups (Table 2 ). However, both BPD and PRE subjects had reductions in lung function, DLco, and peak power output. In the BPD and PRE group, FEV 1 and FEV 1 /FVC were reduced compared with CONT. In the BPD group, FEV 1 /FVC and forced expiratory flow at 25-75% of vital capacity (FEF ) was reduced compared with PRE (Table 2) . Airflow obstruction, on average, was not reversible with albuterol, but 6 of the 12 BPD subjects (ϳ50%) demonstrated reversibility with albuterol ( Table 2) . Four of the BPD subjects with the greatest degree of obstruction, FEV 1 ϭ 27-60% predicted, improved to 64 -84% predicted post albuterol. The other BPD subjects were 68 and 88% predicted for FEV 1 , which improved to 84 and 101% predicted, respectively, in FEV 1 post-albuterol.
Pulmonary gas exchange efficiency preexercise and during exercise. The AaDO 2 and arterial O 2 content (CaO 2 ) was not different between the groups preexercise or at any %V O 2 peak and there was no evidence of EIAH in any subject group and no significant differences between the groups ( Fig. 1 and Table 3 ). There were no significant differences in AaDO 2 or EIAH between PFOϩ and PFOϪ subjects in our subjects with a history of preterm birth either combined as a group (PRE and BPD) or PRE only. All subjects demonstrated transpulmonary passage of saline contrast bubbles indicating blood flow through intrapulmonary arteriovenous anastomoses. However, there were no significant differences in bubbles scores between the groups. Birth weight values are means Ϯ SE. BPD, ex-preterm subjects Յ32 wk gestational age with bronchopulmonary dysplasia; PRE, ex-preterm subjects Յ32 wk gestational age without BPD.
1 n Ϫ 1.
DISCUSSION
The main findings of this study were 1) pulmonary function and diffusion capacity at rest were significantly reduced in the PRE and BPD groups compared with the CONT group; 2) pulmonary gas exchange efficiency was not significantly different between the three groups preexercise or during any exercise intensity, and there was no evidence of EIAH; 3) there was a significantly reduced peak power output in the BPD and PRE groups compared with the CONT group despite normal CaO 2 .
Pulmonary function. Previous studies have investigated pulmonary function in adolescents and young adults with a history of extreme preterm birth (3, 12, 17, 20, 37-39, 43, 48, 52) . We found that pulmonary function was reduced in the PRE and BPD groups compared with the CONT group, which supports previous work in adolescent and young adult BPD subjects (18, 39) . That FEV 1 and FEV 1 /FVC was significantly reduced in the BPD and PRE group, compared with the CONT group, suggests that preterm birth impacted larger more proximal airways, independent of long-term perinatal oxygen therapy in our subjects. Conversely, the significant reduction in FEV 1 / FVC and FEF in the BPD group, compared with PRE, suggests even greater distal airway obstruction resulting from prolonged oxygen therapy in our subjects. The airflow obstruction measured in our very preterm subjects was not generally reversible, although 50% of BPD subjects had some degree of reversibility ranging from 13-37%. These data support previous work demonstrating that only 5/18 (38%) school age children with moderate-to-severe BPD demonstrated reversibility with salbutamol inhalation (16) . The reason for reduced expiratory flows is not known, but postnatal steroids have been implicated as a factor in children born very preterm (44) . Other studies have found that pulmonary function in ex-preterms was not reduced from full term controls, but these studies (38, 48) had a small percentage of BPD subjects in their preterm groups (12% and 19%, respectively). Thus identifying significant % VO 2 peak . Fig. 1 . AaDO2 (A) and SaO2 (B) preexercise and during exercise in full term controls (CONT), ex-preterm subjects Յ32-wk gestational age without BPD (PRE), and ex-preterm subjects Յ32-wk gestational age with bronchopulmonary dysplasia (BPD) subjects. No significant differences. Error bars are standard deviation. Values are means Ϯ SE. HR, heart rate; VE, minute ventilation; VT, tidal volume; RR, respiratory rate; VO2, oxygen consumption; VCO2, carbon dioxide production; RER, respiratory exchange ratio; SaO2, arterial oxygen saturation; PaO2, arterial partial pressure of oxygen; PaCO2, arterial partial pressure of carbon dioxide; AaDO2, alveolar-to-arterial difference in oxygen tension; Hct, hematocrit; tHb, total hemoglobin CaO2, arterial oxygen content. *P Ͻ 0.05 vs. CONT.
†P Ͻ 0.05 vs. PRE. 1 n Ϫ 1.
pathophysiology in individuals with a history of extreme preterm birth, compared with full term controls may, in part, be dependent upon the differentiation between very preterm subjects with and without the long duration of supplemental oxygen that would meet criteria for the diagnosis of BPD. Pulmonary gas exchange efficiency. To our knowledge, this is the first study to directly measure the AaDO 2 and arterial oxygen saturation preexercise and during exercise in adult subjects born very preterm with and without BPD. There were no significant differences between groups for the AaDO 2 preexercise or during exercise suggesting normal pulmonary gas exchange efficiency and no evidence of EIAH as a group. Thus EIAH was not a likely contributor to the observed reduction in peak power output in our BPD and PRE subjects.
Intracardiac shunt could have potentially contributed to pulmonary gas exchange inefficiency, and several PRE and two BPD subjects had a PFO. We have previously investigated whether healthy subjects with a PFO would have a greater AaDO 2 and/or EIAH preexercise and during exercise (31) . In that study we found significant differences in AaDO 2 only preexercise but not during exercise. Therefore, we anticipated that this might also be the case in our subjects in the current study. However, we found no significant differences between PFOϩ and PFOϪ subjects in our subjects with a history of preterm birth as a group (preterm and BPD combined) and no differences in our preterm group without BPD included. We could not run statistics between PFOϩ and PFOϪ BPD subjects because we only had 1 PFOϩ BPD subject with arterial blood gases. However, this subject's AaDO 2 was 10 Torr preexercise and increased to 20 Torr at 90% max exercise, compared with an AaDO 2 of 0 Torr preexercise and 11 Torr at 90% of V O 2 peak in the PFOϪ group. These findings from our current investigation in preterm subjects differ from our previous investigations in healthy subjects, but this is likely the result of variability in blood flow across a PFO in the different subjects, as we have previously suggested (31) .
Excessive intrapulmonary shunt and V A /Q heterogeneity may have also potentially made pulmonary gas exchange efficiency worse in preterm subjects. Whether or not blood flow through intrapulmonary arteriovenous anastomoses represents a source of shunt remains a highly controversial area (22) , but recent work suggests that pharmacologically-induced blood flowing through these pathways does provide a source of venous admixture in healthy humans (9) . Nevertheless, the contribution of blood flow through these vessels on pulmonary gas exchange efficiency, if any, was likely similar for all three groups because there were no significant differences in bubbles scores between the groups. Thus excessive intrapulmonary shunting was not a characteristic feature of adult survivors of preterm birth with and without BPD in our study. It would also be expected that V A /Q matching would be somewhat impaired or compromised in BPD subjects compared with the CONT group because of the well-described abnormal alveolarization and vascularization in the BPD subjects (7, 8, 33, 34, 46) . However, our data suggest that the expected arrested lung development in our very preterm subjects had no functional consequence on pulmonary gas exchange efficiency at rest or during exercise.
In our study we had some negative AaDO 2 values preexercise and during low intensity exercise. Others have previously reported negative AaDO 2 values preexercise and during low intensity exercise (21, 25, 40, 47, 49) . One potential reason for these unexpected negative AaDO 2 values is that the preexercise measurements in this study, and possibly in previous studies mentioned above, were not made under true resting conditions because subjects were seated on a cycle ergometer and were anticipating performing exercise. As detailed by Jonk and colleagues, one potential reason for these unexpected negative values during exercise could be the result of the cumulative effects of very small (ϳ1%) measurement errors of PaCO 2 , VO 2 , and VCO 2 on the calculation of PAO 2 . These potential sources of error would have been systematic in the current study and therefore would have the same effect in all populations studied. As such we feel that the comparisons between groups remain valid. Moreover, our AaDO 2 values for the reported workloads do not differ significantly between our studies and other studies in exercising healthy humans reported above.
Aerobic capacity and V O 2 peak . Exercise capacity has been previously examined in young adolescent and young adults born very preterm with and without BPD (10, 23, 38, 42, 45, 48, 51) . We measured V O 2 peak and maximal achieved workload to assess the aerobic capacity of our subjects. We found that V O 2 peak was not significantly lower in either the BPD or PRE group compared with the CONT group. Likewise, others have not found a significant difference in aerobic capacity between adults born very preterm and controls (10, 38) . Additionally, work examining differences between V O 2 peak in very preterm subjects with and without BPD found no significant differences in their BPD subjects (10) . Despite relatively normal V O 2 peak in ex-preterm subjects, peak power output was lower in both BPD and PRE groups. Our work supports the findings of others who found a 15% reduction in peak power output in a subject pool with 8 BPD subjects (48) . A reduced peak workload, but normal V O 2 peak in PRE and BPD subjects, suggests that a greater percentage of the VO 2 may be attributable to the increased respiratory muscle work that would be expected in subjects with obstructive lung disease (2). However, this was not directly measured in our study and requires further investigation.
Our subjects were able to conduct normal daily activities, including varying amounts of exercise, as evidenced by their aerobic capacity. However, we may have failed to recruit those subjects with worse lung pathophysiology and therefore potentially worse exercise tolerance if those subjects chose not to volunteer for this exercise study.
Summary and outlook for adults with a history of very preterm birth and BPD. It was surprising for us, but promising for young adults with a history of preterm birth, to find normal pulmonary gas exchange efficiency at rest and during exercise in the PRE and BPD subjects in the current study. It remains unknown if subjects born very preterm may experience greater degrees of pulmonary gas exchange inefficiency and/or EIAH as they age, similar to other aging groups with obstructive lung diseases such as chronic obstructive pulmonary disease (2) .
Conversely to the pulmonary gas exchange efficiency data, our findings highlight and confirm some of the long-term negative consequences of postnatal supplemental oxygen therapy on cardiopulmonary function, specifically reduced peak workload in early adulthood. We found that this reduction in peak workload occurred despite normal pulmonary gas exchange efficiency and in the absence of EIAH. Although unknown, other potential contributors to reduced exercise tolerance such as respiratory limitations and/or intrinsic muscle characteristics should be investigated in these subjects born preterm, as it has been in other diseased populations with obstructive lung disease (2) . Future work in these adult survivors of extreme preterm birth is clearly warranted.
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